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I. Introduction
Solar array designs have undergone a steady evolution since the Vanguard 1 satellite. Early satellites used silicon solar cells on honeycomb panels that were body mounted to the spacecraft. Early space solar arrays only produced a few hundred watts of power. Satellites today require low-mass solar arrays that produce several kilowatts of power. Several new solar array structures have been developed over the past forty years to improve the array specific power and reduce the stowed volume during launch. The solar arrays presently in use can be classified into six categories: (1) body-mounted arrays; (2) rigid panel planar arrays; (3) flexible panel array; (4) flexible roll-out arrays; (5) concentrator arrays; and (6) high temperature/intensity arrays. 1 In addition, several proposed space missions have put other constraints on the solar arrays. Several proposed Earth orbiting missions designed to study the sun require "electrostatically clean" arrays. Inner planetary missions and mission to study the Sun within a few solar radii require solar arrays capable of withstanding temperatures above 450 °C and functioning at high solar intensities. Outer planetary missions require solar arrays that can function at low solar intensities and low temperatures. In addition to the near-sun missions, missions to Jupiter and its moons also require solar arrays that can withstand high radiation levels.
There is currently a tremendous amount of research being directed towards a thin film alternative to traditional crystalline cells. Thin films cells are quite attractive due to the fact that many of the proposed fabrication methods are relatively inexpensive and lend themselves well to mass production. 2 Inexpensive, lightweight inorganic materials such as amorphous Si, CuInSe 2 and CdTe are currently being explored for space-based energy conversion. [3] [4] [5] These cells can be extremely lightweight and flexible, especially if produced on polymeric substrates. Recently thin film polymeric cells that incorporate inorganic components such as CdSe or CuInS 2 quantum dots have garnered much attention. 6, 7 Many believe it is these materials that will hold the key to inexpensive, easily deployed, large area, high mass-specific power arrays. This is due in part to the possibility of roll-to-roll processing using low-cost spray chemical deposition or direct-write approaches to producing thin film solar cells on inexpensive lightweight substrates with these materials. 2, 4, 8 Alternatively, next generation thin-film technologies may well involve a revolutionary change in materials to organic-based devices. The high-volume, low-cost manufacturability of organic cells will allow for square miles of solar cell production at an estimated one-tenth the cost of conventional inorganic materials. Plastic solar cells take a minimum of storage space and can be inflated or unrolled for deployment. In comparison to current commercial inorganic photovoltaic materials, polymeric photovoltaic materials have the advantages of versatile fabrication schemes and low cost on large-scale production, therefore exhibit potential for future large-scale solar industry. For space and any portable applications, the lightweight and flexibility of polymers are key advantages.
These hybrid organic/inorganic material technologies offer the possibility of even lower-cost and higher powerto-weight ratios that may be mission enabling for Space Solar Power, Solar Electric Propulsion, or numerous military, off-grid civilian and commercial applications. NASA Glenn Research Center (GRC) currently supports a small in-house and extramural program exploring hybrid photovoltaic device technologies. What follows is a survey of enabling technologies for ultra-lightweight, inexpensive stowable solar energy conversion systems. However, to be useful for space exploration, any device or array which is developed must not only meet weight and AM0 efficiency goals, but also must be durable enough to survive relevant launch and space environments.
II. Preparation of New Poly(isothianaphthene) (PITN)
Materials and Devices
A. Background: Thin-Film Polymer Materials for Photovoltaics
The pace of research focusing on organic photovoltaics (OPVs) has increased significantly over the past few years as power conversion efficiencies (PCE) approaching 5% under AM1.5 illumination have been achieved. 9 Although this is far less than what has been observed for inorganic solar cells, nearly 40% PCE for a multijunction structure under concentrated light, 10 organic solar cells (OSCs) could provide cost-effective, light-weight, flexible photovoltaic power for consumer applications in the near future. Among different types of OSCs, polymeric solar cells are a focus of research because such a device can be easily manufactured via low-cost methods like solution casting, spin-coating, and screen-printing. Remarkable improvement in quantum efficiency has proved the efficacy of solution processing, for example. 11 There are still a number challenges ahead, a good benchmark for OPV is a PCE of 10% to compete with other technologies because of several inherent polymer performance issues.
One route to improving cell performance is increasing the diffusion length of injected carriers; ordered bulk heterojunction solar cells (OBHSCs) were explored by several research groups. 12 In general, an OBHSC architecture has an electron-accepting inorganic/organic material and electron-donating polymer inter-penetrating in a highly ordered fashion. For example, nano-pores of electron-accepting material can be infiltrated by electron-donating polymer. 13 The aspect ratio between film thickness and the pore size often reaches over 10 considering that the optimum scale of the pores should be comparable to the diffusion length of the excitons (order of 10 nm) generated by photons in typical conjugated polymers.
It is a great challenge to prepare pure samples of most conjugated conducting polymers in desired shapes and dimensions particularly as thin films because they are mostly insoluble and infusible. A typical fabrication begins by synthesizing soluble derivatives of the desired polymer, dissolving it in an appropriate solvent, and preparing polymer films via solution-based processes: simple solution casting, spin coating, or screen printing. This methodology is typically employed to fabricate optoelectronic devices including organic light emitting diodes and photovoltaic devices.
14 There are a number of critical limitations for these solution-based polymer thin-film deposition methods: (i) contamination is always possible from catalysts used for polymer synthesis and solvent to make solution, which requires cumbersome solvent purification steps; (ii) solubility of the derivatives typically reaches only about 2 wt%, which could leave undesirable precipitates in the films, limiting the thickness of films during processing; (iii) the derivative form of the polymers are more prone to photo-degradation because photooxidation can be easily initiated at the branch molecules added to increase the solubility; (iv) the microstructure of the polymer is generally poor because the film formation is always proceeded by the evaporation of the solvent; and (v) it is difficult to achieve conformal coating of a trench and nano-structures with a high aspect ratio.
There has been some effort to develop thin-film polymerization processes, but for optoelectronic materials there has been limited success. 15 In particular, solventless, gas-phase thin-film formation by polymerization is almost limited to plasma-enhanced chemical vapor deposition (PE-CVD), 11 which requires the understanding of relatively complicated plasma chemistry for organic polymer materials. In addition, there is always concern about plasma damage during the process. Another clean, solventless, and cost-effective polymer deposition method is simple thermal CVD polymerization (CVDP). In this process, thiophene-derivative conjugated polymers with a modest bandgap (< 1.8 eV) can be synthesized by CVDP for photovoltaic application. Most well known conjugated polymers for solar cells typically have a band-gap over 1.8 eV, which is too high for optimal photovoltaic devices (~1.5 eV); there is great need for a lower bandgap conjugated polymer. Only 30 % of sunlight can be absorbed by a typical 200 nm thick polymer film with a bandgap of 2 eV. 9 Although a number of surveys of lower bandgap conjugated polymers can be found, 16, 17 none of these material technologies employ CVDP processing. Consequently, there is almost no information available on basic synthetic chemistry for potential low bandgap conjugated polymer precursor materials to be processed via CVDP.
B. Synthesis and Characterization of Poly(isothianaphthene-3,6-diyl) (PITN(3,6))
Research at University of Texas at Arlington (UTA) has focused on the fabrication and use of poly(isothianaphthene-3,6-diyl) (PITN (3, 6) ) in solar cells. The terminology of 3,6-diyl designates that the polymerization occurs through the phenyl ring and not the sulfur-containing heterocyclic or thiophene ring. The three-step preparation process is outlined in scheme 1 for both CVDP and a solution, synthetic method. Trimethylsilylacetylene (0.8 ml, 8.4 mmol), copper(I) iodide (0.11 g, 0.5 mmol), triphenylphosphine (0.12 g, 0.5 mmol), and 10 ml of purified triethylamine were added to a stirred solution of 3,4-dibromothiophene (1.0 g, 4.2 mmol) in 20 ml purified toluene. The solution was slowly heated in an oilbath at 60 °C under argon atmosphere. Dichlorobis(triphenylphosphine)palladium(II) (0.059 g, 0.084 mmol) was added to reaction mixture and was heated at 80 °C for 14 hr. After cooling to room temperature, the mixture was taken up in hexanes and filtered. The filtrate was evaporated; the residue was purified by flash column chromatography on silica gel.
A solution of 3,4-bis(2'-trimethylsilylethynyl)thiophene (0.38 g, 1.4 mmol) in 30 ml of methanol was stirred for 30 minutes; KOH (0.167 g, 3.0 mmol) was added and stirred for 1 hr. The solution was poured into water and extracted with CH 2 Cl 2. The organic layer was dried over anhydrous magnesium sulfate, and the solvent was removed by rotary evaporation. The crude product was purified by flash column chromatography on silica gel (hexanes as eluent). For CVDP, the monomer, purified 3,4-diethynylthiophene (30~200 mg), was placed in a conventional tungsten evaporation boat and vaporized at 60 °C in a steady stream (40 SCCM) of argon at a pressure of 0.01 torr. The vaporized monomer molecules were allowed to pass through the pyrolysis (activation) zone preheated to 650 °C. Polymerization occurred spontaneously when the activated monomers reached the substrate and thin-film polymer formed at room temperature.
For comparison, the UTA group also prepared PITN (3, 6) by Bergmann cyclization, a classical chemical ringclosing reaction, in toluene at 170 °C. Polymers synthesized in solution contained terminal alkynyl groups and fivemembered rings. Very weak peaks at 3298 and 2104 cm -1 indicated that there are terminal alkynyl groups in the polymer backbone. Interestingly, polymers prepared by CVDP, used for fabricating devices, had a much cleaner Fourier transform infrared (FTIR) spectrum, without the signature of these peaks ( fig. 1) . A preliminary set of FTIR spectral assignments is presented in table I. Unlike conventional poly(isothiophene-2,7-diyl) PITN(2,7), where polymerization occurs through the thiophene ring, the newly synthesized polymer displayed different intensities of spectral features, 18, 19 with similar stretching frequencies indirectly suggesting the polymerization occurred through phenyl rings. Correlation of reaction mechanism to variation of chemical structure between polymers and more definitive analysis of FTIR spectra is the subject of on-going studies. Figure 2 shows the solid-state UV-VIS absorption spectrum and cyclic voltammogram of PITN(3,6) films. Optical and electrochemical properties of PITN are summarized in table II. The absorption maximum of the UV-VIS spectrum is at 540 nm; the shoulder peak at 638 nm is due to high molecular weight fractions. The optical bandgap of PITN(3,6) prepared by CVDP is ~1.8 eV, this is comparable to the bandgap of poly(3-hexylthiophene) (P3HT), commonly used for solar cells. 20 Both theoretical and experimental research showed that the smaller bandgap of PITN(2,7) (1.1 eV) is caused by the intrinsic structure of its polymer backbone through thiophene rings which tends to stabilize the electronic quinoid state. 20, 21 A similar effect is expected for PITN (3, 6) as the repeat units are linked through the phenyl ring; although the bandgap of PITN(3,6) is larger than that of PITN(2,7). Wavenumber(cm A schematic of a layered heterojunction cell with CPPV (carbonized polyphenylenevinylene)/PITN(3,6)/Al where carbonized PPV film is used as a junction counterpart of PITN (3, 6) , is shown in figure 3 . First, PPV film (300 nm) was prepared by CVDP on a quartz substrate, which is necessary for the subsequent carbonization process at high temperature. A PPV film was carbonized at 1000 °C for 1 hr under flowing argon to obtain a nanocrystalline graphitic layer. A 40 nm thick PITN(3,6) layer was deposited from 50 mg of monomer on top of CPPV. Finally, an Al layer (30 nm) was deposited by thermal evaporation.
C. Fabrication of Poly(isothianaphthene-3,6-diyl) (PITN(3,6)) Films and Solar Cells
The thin carbonized PPV layer produced in this study followed the procedure described in a report published previously. 22 The degree of carbonization was studied by Raman spectroscopy. The spectrum (not shown) indicated two distinct peaks at 1350 and 1590 cm -1 . The former is characteristic of a defective graphite structure and called Dmode, whereas the latter is from well-ordered graphitic structure and called G-mode. From the relative intensity and area of the peaks, we estimated the average graphitic diameter (L a ) or in-plane correlation length. The L a value reached 2.0 nm, which indicates that about 8 graphitic rings are in one cluster.
The solar cell was characterized with a homemade solar simulator under AM0 conditions. A standard crystalline Si solar cell was used for the calibration of the light intensity. Initial attempts to grow solar cells yielded a typical open circuit voltage (V oc ) of 300 mV. At this writing, short circuit currents (I sc ) are quite low. The low current can be partially ascribed to a very thin absorber layer and unoptimized electrode configuration. Work is on-going to improve the performance of solar cells.
In summary, new thiophene-derivative conjugated polymer thin films with the potential for a variable bandgap have been successfully deposited by CVDP for photovoltaic applications. Thus far, the UTA group has synthesized PITN (3, 6) and the band-gap of about 1.8 eV was measured by optical absorbance and cyclic voltammetry. A bi-layer heterojunction between 100 nm thick graphite and 30 nm thick PITN(3,6) was fabricated; an open circuit voltage of about 300 mV was measured under simulated AM0 conditions. CVDP could be complementary to typical solution process enabling any multijunction polymer thin-film devices. Work is proceeding to utilize the PITN molecular template and CVDP process to tailor the electronic properties polymer films to enable improved performance.
III. Performance Enhancement via Bridged Donor/Acceptor Block Copolymers
It has been observed that photo-induced electron transfer (electron-hole charge separation) at the interface of an organic donor (p-type) and an organic acceptor (n-type) through either space or covalent bonds is several orders of magnitude faster than the radiative or non radiative decay of the photo generated exciton, 23 and also orders of magnitude faster than charge recombination. 24 This offers an opportunity for developing high efficiency organic opto-electronic (such as photovoltaic) devices using organic donor/acceptor binary materials systems. [25] [26] [27] Such materials systems have already been demonstrated using a number of device structures, such as a donor/acceptor bilayer, 25 donor/acceptor blend (also called 'bulk heterojunctions'), 26 or D-A diblock copolymer (one being a non-conjugated block). 27 However, the PCE of currently reported organic/polymeric photovoltaic materials are still relatively low (typically less then 6%) compared to inorganic crystalline photovoltaic materials (typically over 15%). This low efficiency conversion in organics can be attributed mainly to three major losses including: 'photon loss,' 'exciton loss,' and 'carrier loss' due to improper materials frontier orbital levels and poor spatial morphologies. 28, 29 For instance, the relatively small and limited donor/acceptor (D/A) interface and long exciton pathway in D/A bilayer system can result in only a small fraction of the photo generated excitons being captured and separated, and this contributes to 'exciton loss'. 28 The poor bi-continuous morphology in D/A blend or the non-conjugated polymer block in D-A diblock copolymer will result in very poor carrier transport away from the separating field towards an electrode, and thus lead to severe 'carrier loss'. 29 To address the carrier loss issue, conjugated block copolymers have been suggested to increase the conductivity of the polymer. 29 However, when a D-A diblock-copolymer was formed with both D and A being conjugated blocks, no charge-separated states were observed, possibly due to ultrafast charge recombination. Additionally, the processability of the material was also poor due to rigidity of conjugated blocks. In work focused at Norfolk State University (NSU), a -DBAB-type of block copolymer ( fig. 4 ) has been designed, synthesized and characterized; 28, 31, 32 D is an donor alkyloxy-derivatized poly-p-phenylenevinylene (RO-PPV), A is an acceptor alkyloxy-sulfone derivatized poly-p-phenylenevinylene (SF-PPV), and B is a non-conjugated and flexible bridge chain unit. In this system, the flexible and high bandgap bridge unit (B) not only retards electron-hole recombination between the donor and acceptor block, it is also enables the rigid donor and acceptor blocks to self assemble to form desired 'secondary' and 'tertiary' structures. 28 Previous studies have already observed that such kind of advanced morphological structures were crucial for enhancing charge carrier mobility in organic materials. 33 In comparison to a simple D/A blend system having the same energy levels, block (-DBAB-) copolymers exhibited much better photoluminescence (PL) quenching, 34 and better photovoltaic properties ( fig. 5 , J sc = 0.058 mA/cm 2 versus 0.017 mA/cm 2 and V oc = 1.10 V versus 0.14 V) under identical conditions in a not yet optimized device. 35 Morphological studies revealed molecular self-assembly ordered pattern in the block copolymer thin film under simple thermal annealing (figs. 6 and 7). Since the charge carrier injection density is the same, the enhanced carrier mobility is therefore attributed mainly to a smoother carrier transport pathway, which is directly correlated to the block copolymer thin film phase-separated and bi-continuous morphology. Thus, the -DBAB-type of block copolymer is very promising for the development of high efficiency plastic electrical and optoelectronic devices where carrier mobility is critical. Work continues to optimize polymer cells exploiting this materials system at NSU. 
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IV. Multijunction Polymer Solar Cells
A particularly successful approach to achieving high photovoltaic efficiency is the multijunction solar cell. A cell comprising stacked heterojunctions of Ge, GaAs and GaInP (in order of increasing bandgap) has been demonstrated with a record efficiency of 40.7% and is sold commercially by Spectrolab with an AM0 specification of 29%. The open circuit voltage (V oc ) of such a cell is the serial addition of the constituents while the current is usually somewhat less than a single cell made from the most efficient absorber component. Thus, all of the power gains of this type of cell derive from V oc while resistive losses are minimized. A collaborative team between EIC Laboratories and the University of Florida (UF) is investigating the application of the multijunction approach to organic polymer "bulk heterojunction" solar cells. A schematic of a three-junction device is shown in figure 8 , highlighting the material requirements.
The structure is based on an integrated stack of three donor-acceptor type cells absorbing the blue, green and red regions of the solar spectrum, respectively. The device harvests blue, green and red solar photons separately, maximizing the V oc obtained from each wavelength region. The donor is shown as the primary absorber and the same acceptor (e.g., a fullerene derivative like 1-(3-methoxycarbonyl)propyl-1-phenyl [6, 6 ]C 61 , PCBM) is used for all three component layers. The maximum V oc of each cell is the energy difference between the donor HOMO and the acceptor LUMO. 16 We therefore require donors of large (blue), medium (green) and low (red) bandgap for this type of device, with the further requirement that the reduction in bandgap be due to an increase in energy of the donor HOMO level while the acceptor LUMO remains relatively constant. The device harvests blue, green and red solar photons separately, maximizing the V oc obtained from each wavelength region. The output is like three batteries in series. The cells are connected internally by thin transparent metal charge recombination layers, M r . The top (transparent) and bottom current collection contacts, M 1 and M 2 , optimally have work functions which match the energies of the HOMO of the blue absorbing donor moiety and the LUMO of the acceptor (here PCBM), respectively. The EIC/UF team is enlisting the synthetic versatility of organic materials as an approach to "bandgap engineering" of the constituent donor polymers.
The University of Florida is exploring conjugated polymers with alternating electron rich and electron poor moieties as an approach to bandgap engineering. They have synthesized and characterized conjugated polymers comprising different electron rich groups, such as a bis-(ethylene dioxythiophene), alternating with the electron poor group cyanovinylene (CNV). 36 They found that the HOMO energies of these polymers are mostly determined by the choice of electron rich group, while the LUMO is determined by the CNV, and is relatively constant (~3.5 to 3.7 eV versus vacuum). The energy levels of three of these donor polymers, which would be candidates for the blue, green and red absorbers in figure 8 , are shown in figure 9 . Also shown is the LUMO energy level for PCBM. From figure 9 we see that the blue, green and red theoretical V oc values are 1.75, 1.45, and 1.15 V. Photovoltaic cells made from these polymers have undergone very limited development; 36 There are additional challenges to be overcome in making a multijunction organic polymer PV device. As indicated in figure 8 , each cell must be separated by a transparent tunnel junction. The individual cells and metallizations need to be deposited sequentially using a process that does not disturb the underlying layers. Hence, solution processing must be carefully designed with compatible solvents, for example.
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V. Processing of Polymer and Inorganic Materials for Ultralightweight Hybrid Solar Cells
Several recent publications describe efforts at NASA GRC to develop enabling technologies for ultra-lightweight inorganic and hybrid solar cells. 7, 8, [37] [38] [39] [40] In the next two sections of this publication, we describe efforts to process polymer and inorganic materials to produce solar cells for the purpose of manufacturing solar arrays. Developing processes for use of lightweight polymer substrates mandates an understanding of the impact of thermal degradation on polymers under relevant conditions. An initial thermal analysis study of several potential substrate materials is described. Developing an approach to process active polymer materials to deposit onto polymer substrates and subsequent device optimization is also required. Moving beyond research to develop manufacturable processes is the goal of such an effort. Preliminary efforts to establish a broad in-house capability to produce practical solar arrays are detailed. Finally, we briefly review our efforts in the production of I-III-VI 2 quantum dots (QDs). The inclusion of both QDs and/or carbon nanotubes (CNTs) could increase the efficiency of primarily organic devices to the point where the resulting hybrid solar cells become a practical option for space power generation.
A. Thermal Analysis of Substrate Materials
Use of flexible solar cells will be mission enabling for several proposed NASA space programs, which allows for efficient storage in launch vehicles for later controlled deployment in space. Similarly, for terrestrial applications, thin film photovoltaics are highly appealing due to their flexible lightweight construction, permitting them to be "molded" onto non-rigid, or uniform structures for recreational or innovative power systems. The NASA/OAI group has undertaken a thermal materials study of potential metallized substrates from Techni-Met, Inc. to determine their viability for use in a low temperature solar cell fabrication process such as spray assisted CVD. 8, 38, 40 Thermal decomposition data were collected via thermogravimetric analysis (TGA) of five thin film polymer coupons (polyimide (Upilex) * and polyethylene terephthalate (PET)), see table III. Several runs were performed on each type of coupon until all decomposition onset temperature (Upilex samples only) data was within ±5%. It is important to note that the initial weight change transition from the beginning of the run (room temperature) to 250 °C is due to absorbed and adsorbed water, as reported in the data sheet furnished by Techni-Met, Inc. Therefore, in table I, the "weight change up to 250 °C" is the weight change due to water loss. The "second weight change," which is from 400 to 900 °C (850 °C for Palladium) for the Upilex samples, and from 300 to 650 for the PET sample, is the decomposition weight change. The "decomposition onset temperature," is the temperature at which the metallized polymer coupons begin to decompose, in other words, the onset of the "second weight change." Figure 10 illustrates a typical decomposition experiment with a Mo on Upilex coupon.
Examination of the data shows that each metallized Upilex sample has an average water content (by weight loss) of 1.85 %. The presence of water may in fact be beneficial to CIS thin film device fabrication, since it is known that selective doping with oxygen can increase cell efficiencies. Alternatively the relative ease of loss of water at under 250 °C is well below the deposition temperature of the absorber layer. Furthermore the thermal profiles of the metallized samples shows that the released water vapor has no chemical effect on the sample such as oxidation, which would be observable by a gain in the sample weight.
The main thermal event for the metallized polymer samples is decomposition, which is found to occur at temperatures of greater then 500 °C. The maximum rate of decomposition occurs at approx 610 °C, this is ideal for our spray CVD process which is conducted at 400 °C. Initial testing of the Upilex (1 mil)/Mo in the CVD reactor for depositing CuInS 2 proved difficult since the polymer substrate would curl in the reactor. This problem can be resolved by using a thicker Upilex/Mo substrate, (5 to 10 mil), and/or metallizing the polymer on both sides. Further thermal and electrical testing is in progress to determine coefficient of thermal expansion, (CTE), the dielectric constant, glass transition and related properties. From these, a suitable substrate will be selected and used for deposition of device layers for fabricating thin film on polymer solar cells.
B. Bulk Heterojunction Polymer/Carbon Nanotube Solar Cells
Fabrication of bulk heterojunctions with vertically well-ordered arrays of organic semiconductors and carbon nanotubes (CNTs) is a promising route to increasing the efficiency of polymer photovoltaic cells. In such structures, essentially all excitons are formed sufficiently close to the organic-CNT interface to be dissociated by electron transfer. Thus, all charge carriers have an uninterrupted pathway to the electrodes. The polymer chains are aligned to increase their charge carrier mobility. Ordered structures are relatively easy to model; characterization of ordered cells will to lead to better design rules for making efficient photovoltaic cells. If successful, this technology will enable the development of plastic solar cells with efficiencies approaching those of thin film solar cells. Figure 11 shows a schematic of a device structure, processing equipment, and multi-wall (carbon) nanotubes (MWNT) produced using an atmosphere-assisted CVD process. The ordered device structure has several advantages over typical bulk heterojunction device which has randomly dispersed electron accepting nanomaterials. First, the dimensions of both phases can be controlled to ensure that every spot in a film is within an exciton diffusion length of an interface between the two semiconductors. Second, there are no dead ends in the structure thus enabling charge carriers straight pathways to the electrodes. The carriers escape the device as quickly as possible minimizing recombination. Third, in an ordered structure it is possible to align conjugated polymer chains, which increases the mobility of their charge carriers. Ordered bulk heterojunction photovoltaic cells, such as shown in figure 11 (a) can advance this technology, further achieving higher energy conversion efficiencies. There is considerable interest in testing the organic photovoltaic cells in a simulated space environment when organic photovoltaic solar cells on flexible substrates with cell efficiencies >10% AM0 have been demonstrated. As discussed above, there is also interest in developing array technology that takes advantage of the high specific power, low stowed volume, and flexibility of such technologies.
C. Quantum Dots for Preparing Nanocomposite Materials
The inclusion of nanocrystalline materials in photovoltaic devices has been proposed as a means to improve the efficiency of photon conversion (quantum dot solar cell), 41 enable low-cost deposition of thin-films, 42 provide sites for exciton dissociation, 6 and pathways for electron transport. 43 With respect to their use in quantum dot solar cells and exciton dissociation, the size of the nanoparticle is an important factor in determining the optoelectronic properties of the material. When the size of a semiconductor quantum dot drops below that of the exciton Bohr radius (of the bulk material) the energy levels become quantized and the bandgap increases as the particle size decreases. In this size regime the bandgap can be "tuned" to a desired energy by adjusting the particle size.
The chalcopyrite semiconductors CuInS 2 and CuInSe 2 have been proposed as highly efficient thin-film photovoltaic materials. Thin-film CuInS 2 cells with efficiencies of 12.5% have been successfully produced, 44 while CuInSe 2 cells have been recorded up to 18% efficiency. 45 The bandgap of CuInS 2 (E g = 1.5 eV) is a good match to the AM0 solar spectrum, and CuInSe 2 (E g = 1.1 eV) is a promising low-cost electro-optical material. 45 Quantum dots are also expected to be resistant to degradation from electron, proton, and alpha particle radiation, a requirement for use in space solar cells. [46] [47] [48] In III-V materials, an InP p-i-n cell with quantum wells of InAsP has been shown to have greater resistance to proton irradiation than an unadulterated InP cell. 47 It is expected that the same trend will be observed for I-III-VI 2 materials as well. 48 Only a few reports have been published about the synthesis of the ternary materials CuInS 2 and CuInSe 2 with very small particle size. O'Brien and co-workers reported the synthesis of CuInSe 2 nanoparticles from the chlorides and trioctylphosphine oxides (TOPO) and related compounds to form nearly spherical crystals with a diameter of approximately 4 nm. 49 Czekelius et al. reported the formation of elongated nanocrystallites of 7 nm CuInS 2 by treatment of a Cu I -P(OPh) 3 /In III -P(OPh) 3 mixture in acetonitrile with (TMS) 2 S. 50 Gurin reported the formation of nanocrystals of CuInS 2 or CuInSe 2 by treatment of an aqueous mixture of CuCl and In 2 (SO 4 ) 3 with hydrogen sulfide or hydrogen selenide, respectively. 51 In each case, the authors observed blue shifts of the absorption onset of the material with respect to the bulk values, indicative of size-induced quantum confinement. Qian and coworkers have reported a series of solvothermal routes to nanorods of CuInS 2 and CuInSe 2 . 52, 53 In practice however, synthesis of a desired size nanoparticle is not always simple. This is especially true for the higher-order ternary and tertiary materials. If separate sources are used for the different metals and chalcogenides, often binary materials are preferentially formed as a result of different solubility of the products and reactivity of the precursors. One method to circumvent the formation of undesirable reaction products is through the use of singlesource precursors. Single-source precursors are small molecules which include all the elements required in the final material. These precursors can be designed with many properties in mind including stoichiometry, solubility, and volatility. As CuInS 2 is a promising material for thin-film photovoltaics and quantum dot solar cells, our group has studied the synthesis of potential precursors to CuInS 2 , and the subsequent conversion of the precursors to thin-films of the bulk semiconducting materials. The molecular precursor (PPh 3 ) 2 CuIn(SEt) 4 ( fig. 12 ) was first described by Hirpo et al. in 1993 . 54 This charge-neutral molecule comprises a copper(I) ion bound by two triphenylphosphine ligands, an indium(III) ion with two terminal ethanethiolate ligands, and two bridging ethanethiolate ligands between the metal centers. This molecule was found to decompose to CuInS 2 below 260 °C.
Further work with this class of molecules has yielded analogous precursors with desirable properties such as lower melting points (including the liquid precursor (P n Bu 3 ) 2 CuIn(SEt) 4 ) and higher solubility in organic solvents. 8, 37, 55 In this work, the precursor (PPh 3 ) 2 CuIn(SEt) 4 is used in the synthesis of CuInS 2 nanoparticles. The analogous compound (PPh 3 ) 2 CuIn(SePh) 4 is used in the synthesis of CuInSe 2 nanoparticles. The reactions are outlined in Scheme 2. The stepwise method of synthesis, isolating the red intermediate, is required for the purest products. If the precursor is brought directly to 250 or 300 °C, the final black powder is predominantly CuInS 2 , but impurity peaks are evident in the XRD pattern.
X-ray powder diffraction ( fig. 13 ) clearly shows that pure CuInS 2 is the product of the reaction at 250 and 300 °C, and CuInSe 2 at 275 and 300 °C. The powder diffraction patterns of the red powders from the 200 °C reactions exhibit unusual splitting of the (112) The powders were examined by scanning and transmission electron microscopies. SEM of all powders shows large spherical particles of ~500 nm diameter. A typical image is shown in figure 14 . At higher resolution, it is seen that the large particles are in fact aggregates of nanoparticles, as seen in figure 15 . From the high-resolution transmission electron microscope (HRTEM) images, it appears that the size distribution of the samples is quite large, therefore, the sizes calculated by the Scherrer formula from the X-ray diffraction data are to be taken as only approximate. In conclusion, decomposition of single-source precursors at moderate temperatures affords nanoparticles of CuInS 2 and CuInSe 2 in good yield. These materials have nanometer-sized dimensions and may find utility in hybrid thin film or quantum dot solar cells. Future work includes altering the surface of the nanoparticles to enable dispersion in solvents, narrowing of the size distributions, and controlling the quantum dot bandgap as a function of size. 
VI. Temperature Dependence of the Performance of Conventional Polymer Solar Cells
A. Materials Used and Device Design for Solar Cell-Temperature Study at RIT
In an effort to begin to evaluate the suitability of some of the new hybrid designs for potential space application, we measured temperature dependence of a conventional polymer solar cell which utilized a blend of poly-3 hexylthiophene ( fig. 16(a) ), chemically modified fullerenes (C 60 ) or [6, 6 ]-phenyl-[C61]-butyric acid methyl ester (PCBM) ( fig. 16(b) ), and purified single wall (carbon) nanotubes (SWNT) ( fig. 16(c) ), deposited on a poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS) polymer thin film, deposited on a indium tin oxide (ITO) coated glass substrate. The synthesis and purification of the SWNT followed the methodology of previous reports. [56] [57] [58] The individual polymer films were deposited by spin coating. Figure 17 (a) shows a schematic of the basic cell structure and figure 17(b) show the results film thickness via contact profilometry.
A series of devices was fabricated with a P3HT to PCBM ratio fixed at 1; the percentage of SWNTs was systematically increased (fig. 18 ). It was observed that the device performance decreased with increasing SWNT content. Devices with SWNT content above 0.5% by weight were completely shunted. This could be due to the fact that it is extremely difficult to keep these highly conductive elements from merely providing electron percolation between the Al contact and the PEDOT-PPV layer, possibly directly to the ITO layer. However, there is also the possibility that the SWNT is merely acting as recombination pathways throughout the active region of the device.
59
B. Performance of Baseline Cells as a Function of Temperature
The performance of the baseline cells with 0.1% SWNTs were measured as a function of temperature (see fig. 19 ). As the temperature was lowered below room temperature a decrease in both the open circuit voltage and short circuit current was measured. This observed positive temperature coefficient for temperatures below room temperature points out the differences that obviously exist between the so-called "soft" solar cell and their more traditional crystalline counterparts. These devices are currently being measured at elevated temperatures and will be presented in a future publication. In order to investigate the substantial decrease in the photovoltaic performance of these cells as a function of temperature we measured the conductivity of the SWNT materials as a function of temperature. The purified SWNT materials show little or no change in their conductivity over the temperature range over which the cells were measured (see fig. 20 ). This is possibly due to the various chiralities present in the sample which result in a mixture of semiconducting and metallic nanotubes which can act to cancel out each other's temperature coefficients of resistivity (i.e., negative for semiconducting and positive for metallic). 56 The current versus voltage performance of the baseline P3HT:PCBM (1:1 w/w) devices (no SWNTs) was also measured from 320 to 140 K under vacuum to investigate if the degradation had an environmental dependency (see fig. 21 ). In this case the current density also decreased with decreasing temperature while the open circuit voltage increased slightly. The net behavior was still a positive temperature coefficient for the cell efficiency, but it was considerably smaller than that of the cells measured in ambient. The SWNT containing cells were re-measured upon returning to room temperature. The cells showed no hysteresis, albeit for just a single cycle. Therefore, one possible explanation is that the large reduction in cell performance with a reduction of temperature of the cells measured in ambient would be due to their interaction with oxygen and moisture.
C. Impact of the Addition of Carbon Nanotubes
The problem of shunting of the blend cells with the addition of the carbon nanotubes may be addressed by improved control of the nanotube distribution throughout the device. One method that may prove useful in this regard is to directly deposit or grow the carbon nanotubes onto the substrate. A low pressure chemical vapor deposition system was used to grow MWNT directly on ITO using previously published methods. 60, 61 A scanning electron microscope image of the resulting ordered array of tubes is shown in figure 22 . 
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A higher resolution image of the same film (see fig. 22 : inset) show that the film contains a distribution of MWNT diameters. Purity assessments of this array yielded a value for carbonanceous purity at 75% using a previous establish protocol using Raman spectroscopic studies. 61 The aligned MWNT arrays were used to produce solar cells using the same P3HT:PCBM one-to-one ration used in the previous devices. Figure 23 shows a digital photograph of the as-deposited MWNT array on indium tin oxide coated glass and a schematic of the basic cell structure.
A series of devices were made using an increasing thickness of MWNT arrays. The spin coating of the polymeric films onto the chemical vapor deposited MWNT arrays was difficult. Figure 24 shows a Nomarski micrograph of the P3HT:PCBM film which was spin coated onto a 275 μm thick MWNT array grown on ITO coated glass. This image shows the non-ideal morphology and points out the difficulty in the fabrication methods being employed to produce these types of devices. The use of a PEDOT polymer film between the P3HT:PCBM blend and the MWNT array was found to improve the device morphology and electro-optical characteristics (see fig. 25 ). However, as was the case with the SWNT containing blends the overall device performance was still less than a conventional P3HT:PCBM device without the addition of carbon nanotubes. 
VII. Conclusion
New thiophene-derivative conjugated polymer thin films with a variable band-gap have been successfully deposited by CVDP for photovoltaic applications. Beyond conventional solution-based polymer synthesis, CVDP allows new monomers and cleaner polymer films with improved optical and materials properties for more stable and efficient devices and for multi-layered electronic devices including multijunction solar cells. A bi-layer heterojunction between 100 nm thick graphite and 30 nm thick PITN(3,6) was fabricated; an open circuit voltage of about 300 mV was measured under simulated AM0 conditions. The enhanced carrier mobility of block copolymers is attributed mainly to a smoother carrier transport pathway, which is directly correlated to the block copolymer thin film phase-separated and bi-continuous morphology. Thus, the -DBAB-type of block copolymer is very promising for the development of high efficiency plastic electrical and optoelectronic devices where carrier mobility is critical. Work continues to optimize polymer cells exploiting this materials system at NSU. The EIC/UF team is enlisting the synthetic versatility of organic materials as an approach to "bandgap engineering" of the constituent donor polymers; they are also exploring conjugated polymers with alternating electron rich and electron poor moieties as an approach to bandgap engineering. Photovoltaic cells made from these polymers have not been optimized for uniformity and charge carrier mobility of the polymer layer, so V oc 's have been far less than the theoretical values. There are additional challenges to be overcome in making a multijunction organic polymer PV device. Each cell must be separated by a transparent tunnel junction. The individual cells and metallizations need to be deposited sequentially using a process that does not disturb the underlying layers, in analogy with devices made with inorganic materials. Multijunction devices have led the way in establishing records for efficiency in solar cells employing traditional inorganic semiconductor materials. The first steps have been taken towards applying these concepts to organic photovoltaics, with the prospect of extraordinary power to mass ratios.
A thermal materials study of metallized polymer substrates was undertaken to determine their viability for use in a low temperature solar cell fabrication processes. The main thermal event for the metallized polymer samples upon heating is decomposition, which is found to occur at temperatures of greater then 500 °C. Initial testing of the Upilex (1 mil)/Mo substrates proved difficult since the polymer substrate would curl in the reactor. This problem can be resolved by using a thicker Upilex/Mo substrate, (5 to 10 mil), and/or metallizing the polymer on both sides. The NASA GRC group has studied the synthesis of potential precursors to CuInE 2 (E = S or Se). Decomposition of single-source precursors at moderate temperatures affords nanoparticles of CuInS 2 and CuInSe 2 in good yield. These materials have nanometer-sized dimensions and may find utility in hybrid thin film or quantum dot solar cells. Future work includes altering the surface of the nanoparticles to enable dispersion in solvents, narrowing of the size distributions, and controlling the quantum dot bandgap as a function of size. A series of devices was fabricated with a P3HT to PCBM ratio fixed at 1; the percentage of SWNTs was systematically increased. It was observed that the device performance degraded with increasing SWNT content. The performance of the baseline cells with 0.1% SWNTs were measured as a function of temperature. As the temperature was lowered below room temperature a decrease in both the open circuit voltage and short circuit current was measured. The problem of shunting of the blend cells with the addition of the carbon nanotubes may be addressed by improved control of nanotube distribution throughout the device. One example solution is to directly deposit or grow carbon nanotubes onto substrates.
